A B S T R A C T The electrophoretic mobility and activity of NADH-methemoglobin reductase in erythrocytes of patients with hereditary methemoglobinemia, obligatory heterozygotes, and normal subjects were examined. Six distinct electrophoretic variants were found in studies of erythrocytes from members of ten different families. Five variants (Boston Slow, Duarte, Princeton, Puerto Rico, and California) were associated with significant methemoglobinemia and moderate to marked decreases in enzymic activity. Precise correlations between levels of NADH-methemoglobin reductase activity, electrophoretic mobility, and clinical severity of methemoglobinemia, however, could not be drawn. One variant (Boston Fast) was associated with almost normal activity and very minimal methemoglobinemia. Nine members from three generations of two Italian families were found to have two bands with NADHmethemoglobin reductase activity in their erythrocytes, one with normal mobility and one with a mobility identical with that of Boston Fast. No functional or clinical impairment could be attributed to this abnormality. The observations made in this investigation were consistent with an autosomal recessive mode of inheritance of multiple alleles for NADH-methemoglobin reductase. As has been shown to be true for hemoglobin and glucose-6-phosphate dehydrogenase, multiple aberrations in the NADH-methemoglobin reductase of human erythrocytes apparently exist, some with and some without functional consequences.
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INTRODUCTION
Hereditary methemoglobinemia due to a decreased ability of the erythrocytes to reduce methemoglobin has most often been associated with deficient activity of the NADH-methemoglobin reductase system (2) . Direct evidence that NADH-methemoglobin reductase activity was impaired in the erythrocytes of patients with hereditary methemoglobinemia was first provided by Scott and Griffith in 1959 (3) . An Recent reports from several laboratories, however, have described electrophoretic variants of this enzyme system (6) (7) (8) (9) (10) . The investigation reported here has defined six different electrophoretic variants of NADH-methemoglobin reductase which were observed in studies of erythrocytes -from members of ten different families. One of these variants appeared to be associated with only a minimal decrease in activity.
METHODS
Blood specimens were collected in potassium EDTA or acid citrate dextrose solution (ACD, NIH formula A) from seven patients with hereditary methemoglobinemia, 16 heterozygous subjects, and 56 normal controls. Storage of these specimens at 40C for at least 1 wk did not affect the results obtained. Methemoglobin concentrations were determined by the method described by Evelyn and Malloy (11) . Starch gel electrophoresis at pH 8.6 revealed only normal hemoglobin components in the erythrocytes of the patients, and the absorption spectra of the methemoglobin and cyanmethemoglobin derivatives were normal. NADH-methemoglobin reductase activity was assayed by two different procedures, a modification of the diaphorase method of Scott and Griffith described previously (12) and the methemoglobinferrocyanide method as reported by Hegesh, Calmanovici, and Avron (13) .
For electrophoresis, erythrocytes were obtained by thrice washing the cells in isotonic sodium chloride solution with centrifugation at room temperature. Washed cells, suspended in an equal volume of isotonic sodium chloride solution, were hemolyzed by freezing in a dry ice-alcohol bath and thawing in warm water three times. Clear hemolysates were obtained after centrifugation at 1000 g for 30 min. To obtain 30-50-fold purified enzyme extracts, hemolysates were added to DEAE-Cellulose 52, Whatman designation for preswollen, microgranular diethylaminoethyl (DEAE) cellulose anion exchanger (H. Reeve Angel & Co. Ltd, London, England), which had previously been equilibrated with 0.005 M Trisphosphate buffer, pH 6.8 (about 20 g DE52 per 5 ml of packed cells). Hemoglobin was removed by washing this mixture with the same buffer solution on a Buchner funnel until the filtrate became colorless. The enzyme extract was recovered in the eluate obtained after mixing the slurry with 0.5 M KCl, pH 5.6. This procedure was a minor modification of the method described by Hennessey, Waltersdorph, Huennekens, and Gabrio (14) . The eluate was concentrated by dialysis against 0.1 M Tris buffer, pH 7.4, under reduced pressure for 6-12 hr. Whole hemolysates or partially purified enzyme extracts which had been adjusted to contain enzyme activity capable of reducing from 3 to 5 nmoles of methemoglobin per minute were applied to the slots of a starch gel for electrophoresis. Vertical electrophoresis at pH 9.3 and 4°C and staining for NADH-or NADPH-methemoglobin reductase were performed as described by Kaplan and Beutler (8) . This staining procedure depended upon the indophenol-mediated reduction of the tetrazolium dye by the reduced pyridine nucleotides. Although this reaction did not involve the reduction of methemoglobin itself, deficiency in the ability to reduce methemoglobin has been correlated with deficiency in the capacity to reduce an indophenol dye (5, 12, 13) and with decreased or absent staining of the "diaphorase" bands after electrophoresis (6, 8, 9) . Convention, therefore, has resulted in the designation of these bands as methemoglobin reductases. The distance of migration was measured from the center of the band or bands staining for NADH-methemoglobin reductase activity. Relative mobility of bands with an abnormal migration was calculated by dividing the distance of migration of the abnormal band by the distance of migration of the normal band on the same starch gel and multiplying by 100.
The ability of intact erythrocytes to reduce nitrite-induced methemoglobin in vitro was evaluated by the procedure described in detail previously (12) .
RESULTS
A single band with NADH-methemoglobin reductase activity, moving toward the anode but not as far as hemoglobin, was demonstrated with the hemolysates of erythrocytes from 56 normal subjects. Electrophoresis of partially purified enzyme extracts prepared from these hemolysates revealed a band that migrated the same distance. Electrophoresis of hemolysates deficient in NADHmethemoglobin reductase activity revealed either a faint or no visible band. A single band with a mobility different from that of the normal was demonstrated for each of seven patients with hereditary methemoglobinemia upon electrophoresis of partially purified enzyme extracts. The mobility of these abnormal bands relative to that of the normal band was consistent on repeated determinations with whole hemolysates, when an abnormal band could be detected, and with partially purified enzyme extracts.
Only one band was observed when normal hemolysates containing about 2 g/100 ml of hemoglobin or the equivalent amounts of a partially purified enzyme extract were subjected to electrophoresis. An additional, more anodic band with NADH-methemoglobin reductase activity was seen after electrophoresis of more concentrated preparations. The intensity of staining of this band was inconstant and tended to vary on different occasions with preparations obtained from the same subject. Correspondingly, more rapidly migrating minor bands with mobilities different from each other and from the faster band of normal controls could be demonstrated after electrophoresis of sufficiently large amounts of partially purified enzyme extracts from both methemoglobinemic and heterozygous subjects with the six elec-. trophoretic variants described below.
The characteristics of the six different variants of NADH-methemoglobin reductase are summarized in Table I where they are listed in the order of their relative electrophoretic mobility.
The Boston Slow variant was characterized by Bloom and Zarkowsky (9) in studies performed with blood from their patient No. 7, originally reported by Keitt, Smith, and Jandl (15) . Although methemoglobin levels as high as 27% had been noted previously, the concentration at the time of the present study was only 9 level to between 7 and 13%.1 NADH-methemoglobin reductase activity was about 12% of normal. Blood samples were obtained from the parents of three children with hereditary methemoglobinemia (methemoglobin levels of 10-30%) and severe mental retardation (16) . Electrophoresis of partially purified enzyme extracts revealed one band of NADH-methemoglobin reductase activity with normal mobility and a second less intensely staining band with a relative mobility of 113%. Although the concentrations of methemoglobin in the blood of the asymptomatic parents were less than 1%, the NADH-methemoglobin reductase activities were only 33-44% of normal. The parents were of Anglo-Saxon extraction. Unfortunately, none of the severely affected children with the Princeton variant was available for study.
Three apparently unrelated Puerto Rican women with methemoglobinemia (11-31%) and erythrocyte NADHmethemoglobin reductase activities between 6 and 23% of normal were found to have an identical electrophoroeic variant (Puerto Rico) with a relative mobility of 117% of normal. This variant was seen as a very faint ban4 ter electrophoresis of whole hemolysates and as a distinct single band after electrophoresis of a partially purified enzyme extract. Five children of one of these patients (16) (Fig. 1) . A family study revealed the same pattern in the hemolysates of the erythrocytes of four members in three generations of this Italian family (Fig. 2, family B) , as well as in five members in three generations of another presumably unrelated Italian family (Fig. 2, family D) . The erythrocytes of these subjects had both normal NADHmethemoglobin reductase activities and normal capacities to reduce nitrite-induced methemoglobin in vitro. The more rapidly migrating NADH-methemoglobin reductase band had an electrophoretic mobility identical with that of the single band observed by Bloom and Zarkowsky (9) with the hemolysate of the erythrocytes of their patient No. 8 (Fig. 1) . The Table I . When the NADH in the staining mixture was replaced by an equimolar amount of NADPH, two bands were observed after electrophoresis (Fig. 3) . One ill-defined band migrated to a more anodal position than hemoglobin. The second, sharper, band migrated with hemoglobin A and, therefore, was obscured on electrophoresis of whole hemolysates. These bands were normal in the hemolysates of all subjects with electrophoretically abnormal NADH-methemoglobin reductases. The NADHmethemoglobin reductase band was stained in the presence of NADPH after electrophoresis of partially purified enzyme extracts, but the NADPH-methemoglobin reductase did not show appreciable cross-reactivity with NADH. Both bands with NADPH-methemoglobin reductase activity were absent after electrophoresis of hemolysate and partially purified enzyme extract of the erythrocytes of the patient reported by Sass, Caruso, and Farhangi (17) to be deficient in NADPH-methemoglobin reductase activity (Fig. 3) . The normal band with NADH-methemoglobin reductase activity was present. This patient's erythrocytes contained a normal concentration of methemoglobin, their ability to reduce nitrite-induced methenmoglobin was normal (17) , and the NADH-methemoglobin reductase activity was 4.32 xmoles/niin per gram of hemoglobin.
DISCUSSION
The data presented here have provided evidence for the genetic and biochemical polymorphism of the disorder, hereditary methemoglobinemia, associated with a deficiency in the activity of NADH-methemoglobin reductase. The six electrophoretic variants of this enzyme system were associated with extremely slight (Boston Fast) to marked, but variable, decreases in enzymic activity. Similarly, minimal to marked degrees of methemoglobinemia were noted in erythrocytes containing an electrophoretically homogeneous, but abnormal, band with NADH-methemoglobin reductase activity. Significant methemoglobinemia was usually associated with a marked decrease in the activity of NADH-methemoglobin reductase. Precise correlations between levels of activity, electrophoretic mobility, and clinical severity of the methemoglobinemia, however, could not be drawn. The patients with the Duarte, Puerto Rico, and California variants all had significant methemoglobinemia and the NADH-methemoglobin reductase activities in hemolysates of their erythrocytes were 25% of normal or lower. The degree of methemoglobinemia in the patient with the Boston Slow variant was similar, but the level of NADH-methemoglobin reductase activity (about 40% of normal) was comparable to that in the erythrocytes of the subjects heterozygous for the Princeton and Puerto Rico variants. These latter subjects were not methemoglobinemic, although their erythrocytes had been shown to have a decreased ability to reduce methemoglobin in vitro (16) . The erythrocytes of the patient with the single band of NADH-methemoglobin reductase activity designated Boston Fast contained 3% methemoglobin. The level of activity of NADHmethemoglobin reductase was 62-75% of normal, and the capacity of her erythrocytes to reduce methemoglobin in vitro was only slightly impaired. Factors other than the NADH-methemoglobin reductase with an altered electrophoretic mobility may have been responsible for the low, but abnormal, level of methemoglobin in this individual's erythrocytes. Unfortunately, studies of this patient and her family have not been completed, and no conclusion about the mechanism for the slight elevation in methemoglobin content would be valid. Since levels of enzymic activity assayed under optimal conditions in hemolysates may not reflect the capability of the complete system in an intact erythrocyte, the lack of exact correlation between activity and methemoglobin content may not be too surprising.
The electrophoretic band designated Boston Fast may be relatively common. Since the activity of this variant did not appear to be markedly decreased, subjects whose erythrocytes contained this altered enzyme would not be expected to have clinically significant methemoglobinemia. Two families with a double band pattern were observed in the present investigation. Recently, Detter, Anderson, and Giblett (10) reported two patients whose erythrocytes showed a double band pattern on starch gel electrophoresis at pH 7.0. We have exchanged blood samples with this group of investigators. In both laboratories, the hemolysates of erythrocytes from their patient, Mrs. G. (Scotch-Irish and English origin), and from the propositus of our family D (Italian origin) revealed identical double band patterns after electrophoresis. In addition, Detter has observed another individual, Miss E. (Syrian origin), whose hemolysate also demonstrated the same double band pattern in both laboratories. This latter patient's enzyme, however, appeared to be more unstable upon heating than that of Mrs. G. and of normal erythrocytes.2 Decreased affinity for NADH, increased affinity for 2,6-dichlorobenzenone indophenol, retarded utilization of deamino-NADH, and moderately reduced thermal stability have been reported recently 'for the Puerto Rico variant (18) . For some patients with hereditary methemoglobinemia, no visible bands with NADH-methemoglobin reductase activity have been detected, even after electrophoresis of partially purified enzyme extracts (8, 9) . There may exist, therefore, multiple structural aberrations in the NADH-methemoglobin reductase of human erythrocytes, some with differences in charge and some with alterations in functional or stability characteristics. Determination of the physicochemical properties and the amino acid composition of the various electrophoretic variants after isolation and purification of the enzyme system will be required to permit a molecular definition of the different variants.
Two other variants of NADH-methemoglobin reductase with altered electrophoretic mobilities have been reported (6, 7). Because they have not been examined under comparable experimental conditions, their relationships to the variants described here could not be established.
The nature of the inconstant, minor, more anodic band with NADH-methemoglobin reductase activity noted after electrophoresis of concentrated hemolysates and partially purified enzyme extracts in the present and previous studies (7, 9, 10) has not been defined. This minor band may represent a degradation product or subunits of the major component with NADH-methemoglobin reductase activity. The electrophoretic mobility of this minor band in normal hemolysates differed from that observed with the six different abnormal electrophoretic variants. The minor band, therefore, probably did not correspond to the NADH-dehydrogenase II suggested by Scott (4) to account for the residual methemoglobin reductase activity in the erythrocytes of Eskimos with hereditary methemoglobinemia.
All of the observations reported here are consistent with the thesis that NADH-methemoglobin reductase is under the control of an autosomal structural gene. The double band pattern observed to have been inherited in two families in the present investigation and in the studies of Detter et al. (10) and the finding of a normal and an abnormal band in hemolysates of erythrocytes of obligatory heterozygotes for hereditary methemoglobinemia (6, 8) support the concept of multiple alleles for NADH-methemoglobin reductase.
The reduction of methemoglobin to hemoglobin in normal human erythrocytes has been shown to depend primarily on a system requiring the generation of reduced pyridine nucleotides (2) . Scott and McGraw (19) isolated and purified a NADH-methemoglobin reductase from normal erythrocytes that was not detected in the erythrocytes of an Eskimo with hereditary methemoglobinemia (4). The purified preparation, using 2,6-dichlorobenzenone indophenol as electron acceptor, had with NADPH only about 1.5% of the activity with NADH. Hegesh and Avron (20) (17) . These observations, therefore, would be most consistent with the thesis that a NADH-methemoglobin reductase, distinct from any NADPH-methemoglobin reductase, was the major system responsible for the reduction of methemoglobin in human erythrocvtes.
